Comparison of the methane oxidation rate in four media aBstraCt Landfill gas emissions are one of the main sources of anthropogenic methane (Ch 4 ), a major greenhouse gas. in this paper, an economically attractive alternative to minimize greenhouse gas emissions from municipal solid waste landfills was sought. this alternative consists in special biofilters as landfill covers with oxidative capacity in the presence of Ch 4 . to improve the quality/ cost ratio of the project, compost was chosen as one of the cover substrates and soil (typic red yellow-silt-clay podzolic) as the other. the performance of four substrates was studied in laboratory experiments: municipal solid waste (msW) compost, soil, and two soil-compost at different proportions. this study aimed to evaluate the suitability and environmental compatibility as a means of Ch 4 oxidation in biofilters. four biofilters were constructed in 60 cm pVC tubes with an internal diameter of 10 cm. each filter contained 2.3 L of oxidizing substrate at the beginning of the experiment. the gas used was a mixture of Ch 4 and air introduced at the bottom of each biofilter, at a flow of 150 mL min -1 , by a flow meter. one hundred days after the beginning of the experiment, the best biofilter was the msW compost with an oxidation rate of 990 g m -3 day -1 , corresponding to an efficiency of 44 %. it can be concluded that the four substrates studied have satisfactory oxidative capacity, and the substrates can be used advantageously as cover substrate of msW landfills. index terms: methane oxidation, biofilter, municipal solid waste compost, solid waste landfill cover, case study.
introduCtion the greenhouse effect is a natural process that heats the planet surface due to the presence of gases contained in the atmosphere that absorb and emit infrared radiation. the main greenhouse gases in the earth's atmosphere are water vapor, carbon dioxide (Co 2 ), methane (Ch 4 ), nitrous oxide (n 2 o), and ozone (o 3 ). human activities generate emissions of four long-lived GhGs: Co 2 , Ch 4 , n 2 o, and halocarbons (a group of gases containing fluorine, chlorine or bromine). the greenhouse effect is dangerous when emissions are higher than the removed quantities, because atmospheric concentrations of GhGs increase and environmental damage could occur. methane is the main hydrocarbon present in the atmosphere and one of the principal greenhouse gases. its atmospheric concentration has significantly increased over the past few hundred years, particularly after the industrial revolution, but growth rates have declined since the early 1990s. the total emission (sum of anthropogenic and natural sources) has been nearly constant since then. methane (Ch 4 ) is emitted from a variety of both human-related and natural sources. humanrelated activities include fossil fuel production, animal husbandry (enteric fermentation in livestock and manure management), rice cultivation, biomass burning and waste disposal. natural sources of methane include wetlands, gas hydrates, permafrost, termites, oceans, freshwater bodies, non-wetland soils, and other sources such as wildfires.
Landfills are considered to be an important global source of this greenhouse gas. the amount of methane generated by a landfill depends on the quantity and moisture content of the waste, along with its shape and management.
since the Ch 4 generated by landfills is anthropogenic, it is theoretically possible to control it. a significant amount of these emissions could be reduced by applying available and economically feasible options such as capturing the methane and recovering the cost of the emission-reduction technology by selling the gas or using it to replace other energy inputs.
the remaining methane could be oxidized in the landfill cover. Ch 4 oxidation with biological systems is an approach that is being studied by an increasing number of research groups around the world (Boeckx et al., 1996; de Visscher et al., 1999; Berger et al., 2005; albanna et al., 2007) .
Ch 4 oxidation in the soil cover of landfills has been reported to be effective in reducing Ch 4 emissions, since landfill cover soil can contain various groups of microorganisms that are capable of oxidizing Ch 4 , such as methanotrophic bacteria (Whalen et al., 1990; hanson & hanson 1996 normally, clay soils are used as cover substrates, but many other substrates could be used as an alternative for clay substrates as landfill cover. "alternative cover" is defined as a cover substrate other than earthen substrate distributed on the surface of a solid waste landfill to control disease vectors, fires, odors, blowing litter, and scavenging. this use should be adjusted to the site-specific characteristics and applicable government rules and regulations. moreover, alternative substrates for landfill covers should be chosen based on economic analysis and must protect human health and environmental quality under the site-specific conditions, with a similar performance to soil. examples of alternative substrates are cement kiln dust and fly ash, treated auto shredder waste, construction and demolition waste, green substrate, contaminated sediment, sludge, shredded tires, msW compost, and mechanical -biological treatment (mBt) residue. the use of these alternative substrates, separated or mixed with other substrates in the recycling process, have many environmental advantages. moreover, the cost savings could be significant, because the landfill owner/operator would not have to purchase and import cover soil when no suitable substrate is available on-site. this article reports the results of experiments performed in the laboratory to investigate the methane oxidation capacity of four substrates: a clayey soil, a msW compost substrate and two msW-clayey soil mixtures. determining the Ch 4 oxidation capacity of these substrates helps to assess their potential usefulness to prevent Ch 4 emissions from msW landfills to meet regulatory requirements.
materiaL and methods filter substrate
the objective of this study was to identify a filter substrate with optimum conditions for methanotrophic microorganisms in the Brazilian climate. four substrates were tested: landfill surface soil, compost of municipal solid waste (msW) and two soil -compost mixtures. the soil used in this experiment was collected from the surface layer of a landfill in rio de Janeiro, Brazil. the loan area of this landfill is located in the region of Baixada fluminense of rio de Janeiro, in the suburb Campo Grande. in this region, the geology is quite disturbed because of the marapicu mendanha volcanic activity; it is a region with numerous ruptures and intrusive veins. the soil is red-yellow podzolic and has silt-clay properties.
the disposal area was used to dump msW waste as of 1987. in 2002 it was reorganized and since 2006, it has been used as a sanitary landfill. in 2008, 2520 tons of msW were deposited daily.
in 2010, the msW of rio de Janeiro consisted of about 39.94 % recyclable components (paper, plastic, glass, and metal), 55.02 % organic matter and 5.04 % other substrates (wood, leaves, leather, rubber, etc.), with a specific gravity of 111.15 kg m -3 .
the compost of municipal solid waste was collected at a center of waste transference, recycling and composting in rio de Janeiro City. this "usina do Caju" has been operating since 1992 and processes about 7,000 tons of msW from three different parts of the city (south, Center and north) per month, or about 9 % of the total waste produced in these regions. of the total amount of the waste reaching the usina do Caju, about 15 % are separated in recyclable and compostable substrates, generating about 400 t of compost per month (fertilurb). the non-recyclable substrate and remaining waste is transferred to the Gramacho metropolitan Landfill. the organic compost is currently being used for the hill planting program of the city. soil and compost were mixed at 1:1 (w/w) and 3:1 (w/w -soil:compost) to obtain mixture 1:1 (m11) and mixture 3:1 (m31). experimental setup methane oxidation was investigated in experimental biofilters using four experimental pVC cylinders (height 60 cm high, internal diameter 9.9 cm, thickness 0.67 cm), with one biofilter per substrate (figure 1). the bottom of the cylinders was filled with a 10 cm gravel layer to facilitate Ch 4 distribution, covered with a geotextile to hold the filter substrate in place and prevent gas flow clogging.
the test equipment was filled to a height of 30 cm with the test substrates and fed at the base with a mixture of humidified air and methane, in the desired proportions. the air was humidified in a separate pre-humidification column. the inlet methane concentration of each biofilter was maintained at 5 mL min -1 at a feed rate of the r. Bras. Ci. solo, 36:803-812, 2012 overall gas mixture of 150 mL min -1 , controlled by a flow meter. this is equivalent to an empty biofilter gas retention time of ~1.3 h (or ~78 min). the initial biofilter density of each substrate is shown in table 1. the Ch 4 concentration measured in the exhaust air and the known flow rate of the air mixture across each biofilter allowed the calculation of the Ch 4 emission from the surface of each substrate. methane, carbon dioxide and oxygen concentrations in the exhaust system were assessed by using gas chromatography three times a week. the gas concentrations (Ch 4 , o 2 and Co 2 ) were determined using a micro gas chromatograph (micro-CG 3000a, agilent) with a tCd detector and a plot u and molsieve 5a plot columns. the carrier gas was hydrogen. the chromatograph operating conditions are shown in table 2.
to determine the oxidative capacity of the biofilters, the Ch 4 oxidation rate [g m -3 day -1 ] and efficiency (%) were used as analysis parameters. oxidation rate (or) was understood as the concentration of degraded methane multiplied by the flow gas and divided by the biofilter volume (equation 1). the efficiency (e) was defined as the concentration of degraded methane divided by the initial methane concentration (equation 2).
(1) (2) where [Ch 4 ] x is the methane input (in) or output (out) concentration in the biofilter, in g m -3 , in the period x days; f is the biofilter gas inflow (m 3 day -1 ) and V is the biofilter volume (m 3 ).
samples from input and output gas were collected from each biofilter, one unit every three days, for 100 days. to saturate the biofilter and initiate the oxidative process, only methane was injected for three days, at a rate of 5 mL min -1 . after this period, air was added to the methane flow, initiating the experimental measurements of the oxidative capacity of the four substrates. the new gas flow was 150 mL min -1 .
resuLts and disCussion figure 2 shows the granulometric curves of the msW compost and the soil used and figure 3 shows the analysis of inert compounds present in msW. supply (Brasil, 2009 ), the compost produced by ComLurB fullfilled all requirements to be used as compost fertilizer, class C.
the C/n ratio indicates the degree of compost maturation. although considered a mature compost, whose C/n ratio is a maximum of 20:1, according to the ni number 25, annex iii , we decided to store the compost for another 35 days in the laboratory, in 200 L drums with perforated sides to ensure aeration of the substrate and that the composting process had been completed. some geotechnical properties of the four substrates used in the oxidation tests are presented in table 4. the permeability of the soil and mixtures m31 and m11 was very low. despite the comparatively higher permeability of the compost, it can still be considered low, since the permeability of sands is between 10 -7 and 10 -3 m s -1 and silts between 10 -6 and 10 -9 m s -1 (pinto, 2002) . another noteworthy factor is the high plasticity of the soil (pi > 15). methane oxidation rate the accumulated Ch 4 oxidation rate was plotted against time (figure 4). the duration of the adaptation phase is related to the feasibility of certain substrates as oxidizing environment (figure 4). the adaptation or lag phase is defined as the time required until a stationary phase of Ch 4 oxidation is reached, under a given condition. the shorter the adaptation phase, the shorter is the required time until a steady state level (plateau) of Ch 4 oxidation is reached, so it can be inferred that the methanotrophic bacteria are more adapted at this condition. however, sometimes this adaptation phase is not observed, as described by scheutz & Kjeldsen (2003) . in these cases, we can say that the bacteria in the medium are already adapted.
after the adaptation phase, there usually is a stationary phase. for the studied cases, this stationary phase was not observed, although it would not be true to conclude that the substrate is unsuitable as a oxidizing medium under the experimental conditions, in view of the high oxidative rates.
for the studied cases, the observed adaptation phase was as expected (table 5) .
although an adaptation phase could be observed, none of the studied substrates reached a steady state level. however, the average recorded oxidation rates were higher than these rates for other msW compost and soil cited in the literature (de Visscher et al., 1999; scheutz & Kjeldsen, 2003; streese & stegmann, 2003; huber-humer, 2004 huber-humer, , Kettunen et al., 2006 powelson et al., 2006) . the reason for these high average oxidation rates was probably that the gas was injected at the base of the biofilters, unlike what is observed when the methane passes through the landfill cover layer towards the atmosphere, and oxygen penetrates this same layer in the opposite direction. the absolute methane oxidation rates in these tests is higher than in the studies in which gas is introduced into the top of the biofilter. this suggests that methane oxidation rates strongly depend on the laboratory test protocol. the beginning of the oxidative activity is variable ( figure 4) . the oxidation process in the soil and msW compost starts in the beginning of the test, while for the mixtures m11 and m31, Ch 4 oxidation was observed only about 25 days after beginning the experimental procedure. this fact could be explained by changes in the microenvironment of the methanotrophic bacteria. Bacteria in the soil and in the msW compost were adapted to a given condition that may have changed when these two substrates were mixed, so the bacteria had to readapt to these new conditions. however, the addition of compost to the soil is beneficial, since it induced a significant increase in the soil oxidation rate (figure 5). the four oxidative rates obtained were rather high (figure 5), particularly when compared to other studies in the literature (de Visscher et al., 1999; scheutz & Kjeldsen, 2003; powelson et al., 2006) . however, the variation between the oxidative rates obtained and their average value is considerable. this variation may be related to the instability of the compressed air network of the laboratory.
however, streese & stegmann (2003), who tested a mixture of organic compost (gardening), peat and of fiber (bark), also reported high oxidative rates.
Biofilter efficiency
the decrease in Ch 4 concentration and the increase in Co 2 concentration clearly indicate ongoing biological activity, at varying efficiency. in these tests, the methane was never completely degraded, probably because of the variation in oxidation rates. however, the sinking Ch 4 concentration confirms the biological reaction.
the maximum Ch 4 oxidation efficiency was found in the range of 93-97 %, for the compost and the two mixtures. for soil, this efficiency was 67 %. thus, the addition of compost to the landfill soil enhanced the Ch 4 oxidation efficiency. nevertheless, the average Ch 4 oxidation efficiency for all substrates was relatively low (figure 6). some studies show that the efficiency of a biofilter can be 100 % (huber-humer, 2004; Berger et al., 2005; Kettunen et al., 2006 Kettunen et al., ), while others, e.g., albanna et al. (2007 , reported Ch 4 oxidation efficiency between 29 and 38 %, which is similar to the results found here. an explanation for the low efficiency observed is probably the density of the compacted substrate in the biofilter. the density is, among others, related with the pore volume, ensuring a satisfactory oxygen and methane intake of the methanotrophic bacteria. through higher-density substrates the gas will pass less easily due to the lower pore volume, preventing an appropriate air diffusion through the biofilter. the density of each substrate studied was compared to densities reported elsewhere (figure 7).
figure 7 shows that the dry density of all biofilter substrates was lower than of comparable data in the literature. so, the low efficiency observed in the tests could also be explained by the short Ch 4 retention time by the substrates. the retention time must be sufficient to ensure that methane, with low water solubility, is converted to a form in which it becomes available to microorganisms, since they can only take up dissolved methane.
to confirm this idea, the retention times of the biofilters tested here were compared with those reported elsewhere (Kightley et al., 1995; de Visscher et al., 1999; park et al., 2002; huberhumer, 2004; Berger et al., 2005; powerson et al, 2006; Kettunen et al., 2006) . the retention time (rt) can be expressed as follows: (3) where V is the biofilter volume (m 3 ) and f the biofilter flux (m 3 day -1 ). figure 8 shows the relationship between biofilter efficiency and retention time observed elsewhere and in this work.
it is observed that the retention times of all tested substrates were sufficient for the occurrence of oxidation, since lower retention times were reported in the literature and even then, biofilters can be highly efficient.
according to Bogner et al. (2005 Bogner et al. ( ) abichou et al. (2006 Bogner et al. ( ) and stern et al. (2007 , thicker biofilters with greater moisture-holding capacity retain Ch 4 for a longer time. this increased retention time of Ch 4 in the biofilter allows a higher fraction to be oxidized. on the other hand, a greater inlet flow reduces the retention time and thereby oxidation. huber-humer & Lechner (1999) argued that pore volume, water content and pore arrangement play a decisive role in gas retention in the substrate, consequently influencing the methane oxidation rate and efficiency.
ConCLusions
1. one hundred days after the beginning of the experiment, the soil biofilter showed an average methane oxidation rate of 447.21 g m -3 day -1 , i.e., a removal efficiency of 19.74 %. the two soil-compost mixtures showed average methane oxidation rates of 455.73-583.98 g m -3 day -1 , corresponding to a removal efficiency of 20.12-25.78 %. the Ch 4 oxidation capacity of the 1:1 mixture (m11) was better than of the 3:1 mixture (m31), indicating that the amount of compost has a strong influence on the Ch 4 oxidation capacity of soil-compost mixtures. the Ch 4 oxidation rate was highest in the msW compost biofilter, on average 990.44 g m -3 day -1 , corresponding to an efficiency of 43.72 % and with a peak rate of 2,010.17 g m -3 day -1 and efficiency of 97.57 %.
2. fugitive emissions from all landfills and total emissions from older and smaller landfills without gas collection systems could be minimized by methanotrophic bacteria in soil layers and biofilters.
3. Based on the above results, the use of compost in a properly managed biofilter should be capable of greater reductions in atmospheric Ch 4 emissions compared to soil-compost mixtures or soil only.
4. the disadvantage of using msW compost is the low density, so high volumes of this substrate are required to cover large areas with appropriate compaction. mixed with soil, the distribution and compaction of the cover substrate is easier. thus, although the compost alone is more efficient in methane oxidation than the mixtures, it is suggested to use a soil-compost mixtures in landfills, due to their operational advantages.
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